Following activation, CD8 T cells transition from reliance on mitochondrial respiration to increasing utilization of aerobic glycolysis.
its function in distinct memory T cell subsets. In this article, we primarily focus on circulating memory CD8 T cells, but briefly discuss implications for tissue-resident memory CD8 T cells.
Most of the findings reported above, including our own, focused on the understanding of factors that promote generation of memory CD8 T cells; however, the signals that are necessary for memory CD8 T cells to maintain their feature characteristics and to survive long-term are less well understood. There is some evidence, for instance, that both the phenotype and survival of memory CD8 T cells is constantly reinforced.
Among cell-intrinsic factors, sustained function of Foxo1 maintains longlived memory CD8 T cells [28] , while constant Id2 keeps the effector memory signature phenotype [29] . Extracellular signals, such as the cytokines Interleukin (IL)-7 and IL-15 also play a key role [30] [31] [32] . Notably, we observed that sustained P2RX7 signaling is required for long-term survival of memory CD8 T cells [23] . In this Perspective, we will focus on the source and role of sustained eATP as an extracellular signal to maintain the function and survival of memory CD8 T cell function and survival. In particular, we discuss the potential role of autocrine eATP as a dominant source of the P2RX7 stimulus once infection has been controlled and inflammation receded. We also discuss the consequences of an ATP export-eATP recognition axis for regulating metabolic pathways in memory CD8 T cells, and propose a hypothetic model predicting how eATP sensing influences the generation and the long-term survival of memory CD8 T cells.
HOW DOES EATP SIGNALING AFFECT ANTIGEN-SPECIFIC CD8 T CELL FUNCTION AND HOMEOSTASIS?
ATP is the quintessential cell fuel, driving virtually all cell functions that require energy. Typically, intracellular ATP concentrations vary between 3 and 10 mM [33] . Conversely, the concentration of eATP at steady-state is very low, at the nanomolar range [34] . However, in response to infections or insults, passive or active release of ATP into the extracellular microenvironment increases eATP concentrations into the hundred micromolar range [35] . In mammals, extracellular nucleotides are recognized by purinergic receptors. These receptors can be roughly divided into adenosine-recognizing, G-protein coupled P1 receptors and P2 receptors, which bind to eATP, eADP or similar nucleotides [36, 37] .
Receptors for eATP include the P2RX family, which are gated ion channels.
All of the P2RX receptors can induce cation exchange (including Ca 2+ influx) following eATP engagement, but P2RX7 has unique characteristics [38] and will be the focus of this Perspective. First, P2RX7 uniquely carries a long C-terminal region which interacts with several intracellular proteins [39] ; second, P2RX7 has low affinity for eATP, its activation only occurring in the presence of ~100 µM eATP [38] ; third, sustained or intense activation of P2RX7 by high concentrations of eATP (or through ADP-ribosylation by the nicotinamide adenine dinucleotide (NAD + )-Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009 activated enzyme ARTC2.2, in murine cells) can lead to non-specific pore formation and subsequent cell death [38, 40] . In T cells, together with TCR stimulation and costimulation, eATP sensing play important roles in initial responses such as CD27 or CD62L shedding [41, 42] , IL-2 and IFN-γ production [43] , or cell proliferation [44] [45] [46] . Importantly, while multiple P2RX receptors are expressed in mouse and human lymphocytes, many of the functional consequences of eATP signaling in these cells can be attributed to P2RX7, specifically [38] . Mechanistically, P2RX7 stimulation engages an array of intracellular signaling and metabolic pathways, which control proliferation and activation in various cell types-these are welldescribed in recent reviews [38, 47, 48] , and are not further discussed here in the interests of space. However, eATP stimulation of P2RX7 can also promote cell death of lymphocytes via formation of the non-specific pore discussed earlier [38, 49] . Indeed, starting with early studies, the same investigators have often reported both stimulation of lymphocyte proliferation and stimulation of lymphocyte cell death by eATP and P2RX7 [44, 45, 50, 51] . This partly reflects lymphocyte heterogeneity, but also the difficulty of modeling physiological eATP encounter through in vitro assays, making it hazardous to rely on such studies to try to predict the impact of P2RX7 stimulation on lymphocyte populations in vivo.
Indeed, during in vivo immune responses, P2RX7 has been found to play either a negative or a positive role in cell function and homeostasis depending on the T cell subset studied. For example, in CD4 follicular helper and regulatory T cell populations, P2RX7 stimulation predominately leads to pore-induced cell death [52] [53] [54] . Conversely, P2RX7
can promote generation of T-helper 1 (Th1) [54] and Th17 cells [55, 56] .
Most of these studies did not track antigen-specific CD4 T cell responses, and future research focusing on antigen-specific CD4 T cells will be necessary to better understand how eATP sensing synergizes with cognate antigen recognition. In contrast, less was known about the in vivo role of P2RX7 in CD8 T cells. Recent works from our group and others show high expression of this receptor by tissue-resident memory CD8 renders them susceptible to cell death induced by sterile damage and subsequent release of high eATP and especially NAD [26, 27, 57] . More importantly, however, we demonstrated that, in response to acute viral infections, eATP sensing through P2RX7 promotes the generation, homeostasis and function of circulating and resident memory CD8 T cells [23] . Mechanistically, we found that P2RX7 deficiency causes loss of mitochondrial mass and function in memory precursor and long-lived memory CD8 T cells. This aligns with previous studies showing that transfection of cell lines with P2RX7 increased their mitochondrial health [58] , and that P2RX7 expression is required for mitochondrial maintenance in microglia [59] ; at the same time, these are other reports found that strong stimulation of P2RX7 led to mitochondrial Ca 2+ overload, ultimately resulting in fragmentation of the mitochondrial network and cell death [58, 60] . Once again, such findings highlight the notion that P2RX7 is a two-edged sword, Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009 promoting mitochondrial health and cell growth or causing mitochondrial damage and cell death, depending on the intensity of the eATP encounter.
Our studies indicate that, in vivo, P2RX7 is beneficial to activated CD8 + T cells and supports their mitochondrial maintenance [23] suggesting that this is the dominant physiological role, at least for this T cell subset.
Our results have also uncovered an interesting aspect of this pathway, in which sensing of eATP evidently needs to be sustained for the long-term survival of memory CD8 T cells [23] (unpublished data). In the context of acute antigen exposure, eATP can be released by inflamed and/or dying cells from the surrounding microenvironment [38] , making it plausible effector and memory precursor CD8 T cells are in the presence of sufficient eATP for P2RX7 engagement. After acute infection is resolved and inflammation recedes, however, it might be expected that sources of paracrine eATP would diminish. If P2RX7 activation is constantly required for long-lived memory CD8 T cells, then an important question arises: what are the eATP sources after the inflammation-promoting antigen is cleared?
CELL-INTRINSIC ATP SOURCES FOR MEMORY CD8 T CELLS
As mentioned before, ATP can be released into the extracellular microenvironment roughly by two distinct paths: either "passive" release by inflamed and/or dying cells, or "active" release via cell membrane transporters [61] . During an ongoing viral infection, infected cells will likely release ATP in a non-specific, passive way, especially cells that undergo necrotic cell death [62] . Apoptotic cells can also release ATP; however, they can use cell membrane transporters to do so. One particular transporter is used by apoptotic cells: Pannexin 1 (Panx1) [63] . Panx1 is part of the pannexin hemichannel family and is broadly expressed by immune and epithelial cells [64] . In apoptotic cells, Caspase 3 mediates the activation and opening of Panx1 [65] which is understood as part of the normal apoptosis process [66] . Additionally, Panx1 can be activated transiently, in a caspase-independent process, in healthy cells [67] . This can be induced by several signals such as chemokine binding to CCR5 or CXCR4 [68] , adrenoreceptor binding [67] , mechanical stresses [65] or cell membrane depolarization [69] .
Notably, Panx1 is also expressed by T cell subsets, including human Jurkat T cells [63] , murine thymocytes [66] and mature CD4 and CD8 T cells [70] . This suggests CD4 and CD8 T cells may have the intrinsic ability to release ATP, in a Panx1-mediated way. In the past decade, several studies have tested this hypothesis using in vitro systems. In these systems, after TCR stimulation and Ca 2+ -mediated ATP production by mitochondria, Panx1 quickly mediates a first wave of ATP release, which can activate P2RX7 (and other eATP receptors) in an autocrine feedback loop [71, 72] .
This autocrine P2RX7 stimulation can enhance TCR stimulation, IL-2 production and T cell proliferation [46, 71, 73] . Indeed, it has been shown in vitro that Panx1 increases pericellular eATP concentrations in the micromolar range, while concentrations further from the cell membrane Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009 are considerably lower. This leads to a local eATP "cloud" that could ensure autocrine P2RX7 activation in T cells, even in the absence of extrinsic sources of eATP [46, 73] . It is therefore not unreasonable to imagine similar processes happen in an in vivo response to antigen, although no direct evidence of this currently exists. Through such a mechanism, CD8 T cells would have the potential to create their own eATP pool, at least in part via Panx1 function. In contrast with acute infectionwhere eATP coming from the inflamed tissue will likely be dominant, this autocrine pathway might be relevant for long-term maintenance of memory CD8 T cells after infection and inflammation have subsided. In our previous report [23] , we used IL-15 in vitro polarization of CD8 T cells in the absence of cognate antigen, which induced them to acquire phenotypic and metabolic characteristics of memory CD8 T cells [13, 74] . In 
CONSEQUENCES OF PANX1-MEDIATED MEMORY CD8 T CELL-

INTRINSIC ATP RELEASE
One important question that arises in light of the potential role of Panx1 for memory CD8 T cells is what advantage would be offered by CD8 T cells exporting ATP for their own sensing, in a seemingly futile cycle. A direct consequence would be ensuring memory CD8 T cells perpetuate a level of Ca 2+ influx, driven by P2RX7 stimulation in response to autocrine eATP: maintaining mitochondrial Ca 2+ levels is an important factor in promoting mitochondrial health [77] , and so this could be a self-preservation mechanism for ensuring the sustained ability of memory T cells to undergo OXPHOS. Alternatively, and more speculatively, the act of exporting ATP itself might have important consequences for memory CD8 T cells maintenance. Memory CD8 T cells typically have increased mitochondrial content (compared to naïve and effector cells), as well as increased baseline and stimulated mitochondrial respiration rates [8, 13, 78] . Given one of the end products of OXPHOS is ATP production, memory CD8 T cells are expected to produce increased amounts of ATP on Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009 a per-cell basis. ATP is used for bioenergetic and biomass production processes, but memory CD8 T cells are metabolically quiescent [8] .
Therefore, a potential consequence of sustained OXPHOS could be excessively high levels of intracellular ATP in memory CD8 T cells. While this may be valuable to the cell in terms of an "energy reserve", there may also be negative consequences. For example, ATP has a high affinity for magnesium ions (Mg 2+ ) [79] , hence an aberrant increase in intracellular ATP stocks could lead to a depletion in cytosolic free Mg 2+ levels. Mg 2+ is an essential cofactor for diverse cellular processes, especially protein translation [80] , hence dysregulated levels of intracellular ATP could lead to dire consequences for the overall cellular activity. This is the case for Salmonella bacterial cells where high intracellular ATP concentrations induce cell growth arrest in the presence of low Mg 2+ culture conditions [81] . In CD8 T cells, Mg 2+ is fundamental for the ability of performing cytotoxic functions during chronic viral infections [82] . Memory CD8 T cells are by definition able to quickly reactivate and perform such cytotoxic functions upon antigen challenge [1] . Thus, Panx1-mediated ATP export may also be important to prevent excessive ATP accumulation and subsequent Mg 2+ chelation, which would hinder the ability of memory CD8 T cells to respond to a secondary infection. In this way, one might consider Panx1 activity (sustained by P2RX7 activation) serving as a "release valve" to balance the levels of intracellular ATP.
Panx1-mediated ATP export by memory CD8 T cells may also have
consequences for the function of the AMPK-mTOR axis. Studies suggest initial memory CD8 T cell generation is favored by activation of the AMPK signaling pathway [20, 83, 84] and inhibition of mTOR signaling [19, 20, [85] [86] [87] . AMPK can be activated by a Ca 2+ influx-dependent pathway, and Ca 2+ influx can be directly controlled by P2RX7. AMPK can also be activated by an LKBdependent pathway, where a high AMP/ATP ratio promotes its activation and subsequent mitochondrial biogenesis and optimal function in CD8 T cells [88] . Accumulation of intracellular ATP would be anticipated if Panx1 activity was impaired. Indeed, P2RX7-deficient IL-15 polarized CD8 T cells exhibited increased intracellular ATP and a low AMP/ATP ratio which may have contributed to their reduced AMPK activity, and forcing AMPK activation partially restored mitochondrial respiration and memory generation by P2RX7-deficient CD8 T cells [23] . One of the targets of the AMPK pathway is the mTOR signaling complex; the role of P2RX7 in memory CD8 T cell generation appears to rely on this aspect of AMPK function, since negative regulation of the mTOR signaling pathway through low-dose rapamycin can also partially restore memory generation by P2RX7-deficient CD8 T cells [23] . The mTOR complex activation can be negatively modulated by other pathways such as via TSC1/2 activity [89, 90] . Whether P2RX7 signaling negatively regulates the mTOR complex through this or other pathways is not yet understood.
As mentioned in the introduction, less is understood about the metabolic requirements for maintenance of already-established memory Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009 Immunometabolism 8 of 17 CD8 T cells. Evidence from previous studies suggest that sustained AMPK activity is important to preserve mitochondrial health of memory CD8 T cells [91] . Likewise, restraint of mTOR activity may ensure sustained fatty acid oxidation (FAO)-mediated mitochondrial metabolism that supports memory CD8 T cell long-term persistence and function [19, 20] , while high mTOR activity is a hallmark of exhausted, dysfunctional CD8 T cells in response to chronic viral infection [92] . Considering the requirement for P2RX7 for the long-term maintenance of memory CD8 T cells [23] and the aforementioned role of the Panx1-P2RX7 axis in the control of the AMPK-mTOR axis, it is possible that Panx1-mediated ATP release keep the AMP/ATP ratios at a level sufficient to favor AMPK signaling.
Consequently, the mTOR signaling pathway is held in check, resulting in homeostatic maintenance of memory CD8 T cells.
A potential decrease in intracellular ATP levels by Panx1 would not be the only cellular metabolic pathway sustained in a counterintuitive way in memory CD8 T cells: circulating memory CD8 T cells rely on de novo synthesized fatty acids for their own fatty acid oxidation (FAO)-mediated increase in mitochondrial respiration [14] . This process is energetically futile since it does not lead to any net gain in intracellular ATP levels. A plausible advantage for that pathway would be guaranteed maintenance of the biomass production machinery together with assurance of mitochondrial health, which would coordinate to provide long-term survival and the ability to quickly mount secondary responses [93] . The proposed role for the Panx1-P2RX7 axis would offer an additional way of guaranteeing overall mitochondrial function and the potential for biogenesis in memory CD8 T cells. Overall, this would evidence the need for controlled energy production in resting memory CD8 T cells, at least in response to acute viral infections.
CONCLUSIONS AND OTHER UNEXPLORED ISSUES
Based on the knowledge about the metabolic requirements for memory CD8 T cell establishment and long-term maintenance, and about the potential role of eATP sensing for this to happen, we propose a hypothetical model ( Figure 1 , Table 1) to be scarce. We hypothesize that Panx1-mediated ATP release is crucial to provide eATP in an autocrine way, thereby guaranteeing the maintenance of a pericellular eATP "cloud". This maintains the engagement of the P2RX7 signaling pathway. Periodic and/or sustained activation of P2RX7 in memory CD8 T cells could maintain memory CD8 T cells metabolic homeostasis. Simultaneously, ATP export itself maintain the AMP/ATP ratios optimal for AMPK activation, which reinforces the metabolic fitness of memory CD8 T cells through negative regulation of mTOR. Finally, another possible consequence of ATP export is avoiding excessive intracellular ATP levels which would lead to decreased free Mg 2+ levels in the cytosol, which is crucial to keep the potential for protein synthesis in memory CD8 T cells. Overall, maintenance of the Panx1-P2RX7 circuit would keep the metabolic homeostasis of memory CD8 T cells and will ensure the ability to rapidly respond to secondary antigen encounters.
Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009 Table 1 . Key points and hypothesis presented in this Perspective.
KEY POINTS
• Sustained activation of P2RX7 by eATP is required for memory T cell homeostasis • We hypothesize that Panx1 expressed on CD8 T cells exports eATP to allow for autocrine P2RX7 signaling and memory T cell maintenance after inflammation has subsided.
• Panx1 export of ATP would be advantageous for memory T cells for a number of reasons:
o Ensures P2RX7-induced Ca 2+ influx to maintain mitochondrial Ca 2+ levels and promote mitochondrial health o Avoid consequences of excess intracellular ATP accumulation (e.g., Mg 2+ chelation).
o Maintain AMP/ATP ratios at a level that favors AMPK signaling and restrains the mTOR pathway Aside from testing the validity of this unified model in the context of acute antigenic exposure, it will be important for future studies to explore how this circuit functions in circumstances where antigen and/or inflammation are not quickly eliminated. For example, during chronic viral infection, CD8 T cell exhaustion is associated with lower levels of mitochondrial respiration and homeostasis [83, 94] , and presence of an ongoing infection and tissue damage would lead to higher levels of CD8 T cell-extrinsic eATP [38] . We found that P2RX7 is crucial for the establishment and survival of CD8 T cells in this context [23] , especially TCF1-expressing "stem-like" cells, which transcriptionally resemble bona fide memory CD8 T cells to some extent [95, 96] . It will be important to test the cell-intrinsic role of Panx1 in this context, as well as assess to what extent extrinsic sources of eATP maintain the P2RX7 signaling. Likewise, a recent report showed P2RX7-deficient mice had decreased numbers of tumor-infiltrating CD8 T cells and impaired tumor control [76] . However, more studies with distinct knockout mouse models will be needed to better understand how and when CD8-intrinsic P2RX7 plays a role in CD8 T cell antitumor responses. Memory CD8 T cells residing in non-lymphoid tissues might also be exposed to extrinsic eATP sources. In this context, we found a role for P2RX7 [23] , although the magnitude of the role may vary from tissue-to-tissue, which could potentially reflect the degree of exposure to tissue-derived eATP versus autocrine eATP provided by TRM through Panx1. In addition, tissue-resident memory CD8 T cells are metabolically distinct from circulating memory counterparts, particularly those residents in the skin [97] , hence the consequences of Panx1-mediated ATP release discussed in this Perspective might not apply. Overall, we believe the potential for memory CD8 T cells of regulate their own metabolism through control of intracellular and extracellular ATP levels may help explain how long-term durability of the memory CD8 T cell pool is consistently achieved in distinct organisms with different levels of acute antigen exposure.
Immunometabolism. 2019;1:e190009. https://doi.org/10.20900/immunometab20190009
